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Measurements of Flow Characteristics

in a Basic Vortex Tube

SUMMARY

An experimental study was conducted to determine the characteristics of con-

fined vortex flows generated in a cylindrical tube by water injection through a

single slot extending along the entire length of the tube. Two configurations were

tested: a vortex tube with plain end walls and a vortex tube with suction end walls

designed to control the interaction between the flow in the end-wall boundary layers

and the primary flow. The flow characteristics were determined from photographs of

neutrally buoyant plastic particles and dye which were injected as tracer materials.

The flow patterns in the vortex tube with plain end walls were found to be in

general agreement with those predicted by a previously developed theory for interact-

ing primary and end-wall boundary layer flows in a vortex tube. It was determined

that the primary-flow tangential velocity distributions and the magnitudes of the

axial velocities induced in the primary flow by its interaction with the end-wall

boundary layers could be reduced by controlling the end-wall boundary layers with

distributed end-wall suction.

CONCLUSIONS

i. Distributed suction at the end walls of a vortex tube maybe used to control

the variation of tangential velocity with radius in the prlmary-flow region outside

the end-wall boundary layers and may be used to minimize the passage of flow from

the end-wall boundary layers to the primary flow which would normally occur at small

radii without distributed suction.

2. Essentially laminar flow exists at intermediate radii in a vortex tube under

certain flow conditions for configurations with either plain or dlstributed-suction

end walls, even though substantial turbulence may exist near the outer periphery of

the vortex tube due to the vortex tube injection configuration and/or to the boun-

dary layer on the peripheral wall. For the configuration with plain end walls, essen-

tially laminar flow was observed for low radial inflow velocities in the primary flow

and for low radial outflow velocities at intermediate radii in the primary flow.



__ _'J

For the configurations with d_Jtrlbutei-suctlon end walls, essentially laminar flow

was observed only for low radial inflow velocities in the primary flow.

INTRODUCTION

Determination of the feasibility of gaseous nuclear rocket concepts involving

vortex flow for containment of nuclear fuel requires detailed knowledge of confined

vortex characteristics over a wide range of conditions. Theoretical studies indi-

cate that one of the major factors influencing the flow in vortex tubes is friction

between the flow and the tube end walls. According to theory, this friction pro-

duces a secondary flow (the end-wall boundary layers) in which the radial velocity

may be of the same order of magnitude as the tangential velocity in the primary flow

and orders of magnitude larger than the radial velocity in the primary flow. Theory

further indicates that radial variations in the quantity of secondary flow will

exist and will be accompanied by axial velocities in the prlmary-flow region both

into and out of the end-wall boundary layers at different radii.

Anderson, in theoretical investigations of confined vortex flows (Refs. 1 and 9),

found very strong coupling between the primary and secondary-flow regions with a

large amount of flow interchange for some flow conditions. Measurement of flow char-

acteristics in'vortex tubes by Cwen, Hale, Johnson and Travers (Ref. 3), Kendall

(Ref. 4) and Johnson, Travers and Hale (Ref. 5) substantiate the general character-

istics of vortex flows predicted by theory for confined vortexes with turbulent end-

wall boundary layers (Ref. 2). The importance of the end-wall boundary layers is

illustrated by the experimental results, which indicate that more than 90 percent of

the total thru-flow entered the end-wall boundary layers in some cases. Reference 5

presented streamline patterns for a test condition in which a recirculation cell

existed within the vortex tube. In this recirculation cell flow left the end-wall

boundary layer at small radii, moved radially outward and then re-entered the end-

wall boundary layer at a larger radius such that the total measured radial flow rate

in the end-wall boundary layers at some radii was greater than the total thru-flow.

It is evident from these results that substantial axial flow may occur in the primary-

flow region of a vortex tube.

The axial velocities in the primary-flow region of the vortex tube are undesir-

able when the vortex flow is to be utilized for containment of nuclear fuel, and a

technique to eliminate or reduce these velocities is needed. Since a secondary flow

forms along a stationary wall adjacent to any rotating flow, convection toward the

wall will always occur at some radii. Suggestions for preventing the flow from

subsequently leaving the boundary layer at other radii have been made in Ref. 6 by

Mack (who proposed wall suction) and in Refs. 5 and 7. Results from a momentum-

integral analysis discussed in Ref. 5 indicate that increased friction by protrusions

from the wall or by wall suction would be equally effective in preventing secondary

2
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flow from re-entering the primary flow. Both of these suggested techniques require

that an established secondary flow exist at the outer radius of the region for which

the axial flow is to be eliminated by secondary-flow control. The secondary-flow

control method utilizing increased wall fr_ction has been investigated experimentally

and found to be effective in decreasing the average axial velocities and controlling

the circulation distribution within the vortex tube (see Ref. 5).

The objectives of the present investigation were (i) to investigate additional

flow conditions with the basic vortex tube geometry employed for the tests reported

in Ref. 5; (2) to determine if the distributed-suctlon technique is effective in

controlling the vortex flow characteristics; and (3) to guide concurrent analytical

work (Ref. 7).

EQUIPMENT AND PROCEDURES

All equipment and procedures employed, except those related to the suction end

walls, are identical to the equipment and procedures employed in the tests described

in Ref. 5. However, a description of pertinent information from Ref. 5 is repeated

to avoid the necessity of continued reference to that report.

Equipment

Vortex Tube

A transparent-wall vortex tube utilizing water as the working fluid was

employed in tests to determine confined vortex flow characteristics. Important

dimensional information and features are shown in Figs. 1 and 2. The vortex was

driven by the tangential injection of fluid through a single slot extending the full

length of the tube. Additional fluid was added and/or removed through the end walls;

the flow which was not removed through the end walls was remcved through a perforated

plate (peripheral bypass screen) located on the peripheral wall of the vortex tube.

The three fluid injection and withdrawal configurations employed in the tests are

shown in Fig. 3. Fluid was removed from ports located at the center of each end

wall (hereafter called thru-flow) in configuration 1. Fluid and dye were injected

through the 1-1n. dia porous tube and through 1/4-in. ducts located at the center

of each end wall in configurations 2 and 3, respectively. Thru-flow injection con-

figurations for other tests with localized fluid injection through the peripheral

wall and through the end walls are described in Appendix I.

During the test program, the vortex tube assembly was modified from the con-

figuration shown in Figs. 1 and 2 in order to obtain particle-trace data at radii

near the peripheral wall. In the modification, the tube assembly was reoriented



to movethe injection slot from the bottom of the _ubeto the rear of the tube, as
viewed from the operator's control position. Test cases i and 2 (see Table I) were
run with the configuration shownin Figs. 1 and 2. Cases3 through 9 were run with
the modified vortex tube.

Both plain and suction end walls were employedduring the test program. The
plain end walls consisted of smoothlucite plates with the thru-flow ports located
at the center of each plate. The suction end walls consisted of a perforated
plastic screen (3%open area, 0.024-in. dia holes, 0.030 thick), backedwith eleven
annular plenums. Thru-flow ports were located at the center of each of these end
walls. Figure 4 showsthe suction end walls both with and without the porous
plastic screen, along with pertinent dimensional information. The flow through
each plenumwasadjusted and measuredindependently.

Flow Measurin_ Instrumentation

Measurements of the total flow injected into the vortex tube were made by a

turbine flow meter located upstream of the injection slot. The thru-flow rate was

determined in a similar manner by monitoring the water flow entering or leaving the

center of each end wall. The flow withdrawn through each plenum of the suction end

walls was measured with rotameters.

Optical Apparatus

Tangential velocities were determined from time-exposure photographs of neu-

trally buoyant polystyrene spheres injected into the flow. A sketch of the optical

apparatus used to photograph the particles is shown in Fig. 5. The mercury vapor

lamp was powered by a l-kw, d-c power supply. The chopping disc contained 20 or 40

slots, depending on the flashing rate desired, and was driven by a varlable-speed

d-c shunt motor which allowed the flashing rate to be varied from 60 to 3000 flashes

per sec. Intermittent illumination of the suspended particles caused them to

appear as a series of streaks on a time exposure. This technique permitted quanti-

tative evaluation of the flow patterns and velocities within a confined vortex

without the influence of probes which would tend to disturb the flow.

To select test particles, small quantities of expandable polystyrene spheres

were heated and then dispersed in water; those which remained suspended after 30

minutes were drawn off, dried and sized. Particles selected in this manner were

almost neutrally buoyant. The particles used in these tests ranged in diameter

from 0.033 to 0.078 in. Typical photographs of several particle traces are pre-

sented in Fig. 6. The notations on these photographs are discussed in the proce-

dures section.

Flow visualization was also provided by injection of fluorescent dyes. Time-

exposure photographs of the dye patterns were taken through the side wall of the

vortex tube with lighting through the entire end wall as shown in Fig. 5 (the

4
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chopping wheel was not usedi: Exposure for these photographs was i sec. Micro-

flash photographs of dye patterns were taken through the side and end walls of the

vortex tube with illumination through an adjustable slit (usually 1/4 in. wide)

sho_n in Fig. 7. The light source employed for these photographs was a 0.i micro-

second flash.

Procedures

Cperat ional

For operation of the vortex tube, water was pumped from a storage tank through

the vortex tube and control valves. For tests with plain end walls, the desired

flow conditions were obtained by separate adjustment of the valves downstream of

the thru-flow ports and valves downstream of the bypass plenum. This provided inde-

pendent control of the jet and thru-flow Reynolds numbers. For tests with suction

end walls, adjustments were also made in the valves controlling the flow passing

through each of the eleven annular plenums located in each end wall.

Particle Data Reduction

Particle photographs similar to the upper and lower photographs of Fig. 6 were

used to obtain the local axial and tangential velocities within the iO-in, dia water

vortex tube. The photographs were read with the aid of a phototelereader and the

resulting data were then further reduced to velocity data with the aid of a digital

computer. As described below, two data reduction procedures were employed. The

single-trace method gave satisfactory tangential velocity results. However, small

reading errors were introduced in this method due to photograph misalignment in the

telereader and parallax which led to errors in axial velocity of the same order of

magnitude as the low axial velocities in the primary-flow region of the basic

vortex. A second but more cumberscme technique, a multiple-trace method, eliminated

most of these errors in measurement of axial velocities.

Typical particle traces and the location of points employed in the evaluation

of the velocities within the vortex tube are shown in Fig. 6. For both trace

methods, the axial and radial locations of the particle traces were established

from the distances noted on the photographs and from three locating pins (two of

which are visible near the top of each photograph in Fig. 6). The tangential

velocity was then calculated from the arc distance between points 3 and 4 (points 3

and 4 were arbitrary locations where the dashed particle trace could be clearly seen,

as noted on the upper photograph in Fig. 6), the number of dashes between these two

points, and the known light flashing rate. In the single-trace method, the axial

velocity was then determined from the axial distance between points 1 and 2 and

the previously determined tangential velocity (points 1 and 2 were employed rather

than 3 and 4 for axial-velocity determination to reduce parallax errors). The

direction of particle motion could be determined from the photographs since only



half of the vortex tube was illuminated while particle photographs were being taken.

For the multiple-trace method, the distance Az between each set of traces in the

bottom photograph of Fig. 6 was determined and combined with the measured radius

and tangential velocity to evaluate the local axial velocity.

DISCUSSION OF TEST RESULTS WITH PLAIN END WALLS

Four flow conditions were studied in the vortex tube with plain end walls to

determine the characteristics of this configuration. These tests are an extension

of the studies reported in Ref. 5. In addition to defining the basic flow patterns,

the tests with plain end walls serve as a basis for evaluation of the effectiveness

of the suction end walls. The

characteristics of the primary

layers) comprise the following

four test cases chosen for determination of the

flow (region of flow excluding the end-wall boundary

: two weak vortex cases each containing a recircula-

tion cell in which the primary radial flow moved inward at large and small radii

and outward at intermediate radii (cases 1 and 2 - see Table I); a very weak vortex

case (case 3, with zero thru-flow) in which the radial velocity in most of the

primary-flow region was radially outward; and a case with fluid injected through a

porous tube located along the centerline which increased the radial outflow velocity

(case 4). The jet injection velocity was constant for all flow conditions (the

differences in jet Reynolds number were caused by differences in water temperature).

Table I lists the flow conditions and geometry employed in test cases 1 through 4.

Particle-Trace Results

Circulation distributions calculated from the tangential-velocity data obtained

from particle-trace photographs are presented in Figs. 8 and 9 for flow conditions

with thru-flow radial Reynolds numbers of 30 and O, respectively. A fourth-order

least-squares curve was fitted to the experimental data and brackets indicating plus

and minus one standard deviation of the data points from the least-squares curves

are shown on the figures. Cases 1 and 2 were investigated with the vortex tube

assembly shown in Fig. 2. The remainder of the tests were made with the modified

vortex tube assembly described previously.

The circulation distributions for cases i through 4 are presented in Fig. i0

with the three cases from Ref. 5 shown for comparison. The effect of thru-flow

radial Reynolds number on circulation level ma_ be observed for seven thru-flow

radial Reynolds numbers ranging in value from -3 to 185. The slope of the circula-

tion curves between radii of 2 and 4 in. increases with decreasing thru-flow radial

Reynolds numbers but decreases with decreasing Reynolds number in the central

region of the vortex tube (r < 2 in.). Figure ii presents the tangential velocity

profiles for the above seven cases.
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Flow oscillations and low axial velocities, similar to those reported in Ref.

5, occurred in these tests. This led to scatter in the particle velocity data

(+O.O1 ft/sec) which was the same order of magnitude or larger than the small axial

velocities which were to be determined and prohibited plotting of axial velocity

profiles which convey any pertinent information. (See Fig. 44, Ref. 5, for axial

velocity profiles presented with the above mentioned scatter.)

Flow Visualization Results

Time Sequence Photo6raphs

Photographs of the vortex tube with thru-flow radial Reynolds numbers of 60,

30 and -S are shown in Figs. 12, 13 and 14 for selected times after the cessation

of dye injection. At a thru-flow radial Reynolds number of 60 (Fig. 12), the dye

was injected into the boundary layer on each end wall at the periphery of the

vortex tube and was carried radially inward for some distance by the end-wall

boundary layer flow; a portion of the dye then re-entered the primary flow at a

radius less than 3.0 in. As the dye spread axially, it formed a set of fronts

which moved toward the mldplane of the vortex tube from both end walls. At

6.25 min after dye injection, the fronts from both end walls closely approached

each other, outlining the shape of two recirculatlcn cells. A narrow annulus of

dye near the Outer radius of the left dye front can be seen starting to overlap the

right dye pattern. At ?.75 min the left cell had cross-fed dye to the right reclr-

culation cell. After 20.75 min most of the dye in the left dye cell has been lost

by convection to the right dye cell and to the left wall boundary layer. Note that

the dye pattern was well defined and did not diffuse rapidly for [ < 3.0 in.

According to Ref. 5 this indicates a ratio of turbulent to laminar viscosity less

than one.

Figure 13 shows the same process occurring for a thru-flow radial Reynolds

number of 30; however, the reclrculation cells appear to be more diffuse than for

the Rer, t = 60 case, and the radius of the radial stagnation surface (outer

radius of dye pattern where Vr = 0 ) has increased from a radius of 3.0 in. to

3.5 in. The cross-feedlng of dye from the left dye cell to the right dye cell pro-

ceeds more rapidly than for the Rer. t = 60 case.

For case 4, which had a thru-flow radial Reynolds number of -3 (Fig. 14), water

was continuously injected through a 1-1n. dia porous tube located along the center-

llne. This water was momentarily colored by pulsed injection of dye to permit flow

visualization. The dye moved radially in an irregular motion, and after 1.5 min it

had reached the outer wall at some axial stations, indicating a rapid radial out-

flow.

The radius of the radial stagnation surface for cases 1 and 2 and for a case

taken from Ref. 5 (thru-flow radial Reynolds number of 96) are plotted in Fig. 15



along with the comparable theoretical curve _(°cafculated-from-the anal.ytical results

of Ref. 2). The change in the radius of the radial stagnation surface with thru-

flow Reynolds number is in good agreement with the theory; however, the values are

lower.

Microflash Photographs

Photographs of dye patterns were taken through the side and end walls of the

vortex tube by use of O.l-microsecond duration light flashes (see Fig. 7 for

details of the camera arrangement). Photographs at thru-flow radial Reynolds numbers

of 60 and 30, presented in Figs. 16 and 17, were taken after several pulses of dye

had been injected into the vortex tube. For both cases, the dye near the peripheral

wall was very diffuse, indicating a turbulent flow, which was probably the result

of both the injection geometry of the slot through which the fluid to drive the

vortex was injected and the turbulent boundary layer which formed on the concave

peripheral wall of the vortex tube. (It should be noted that the horizontal streaks

between radii of 4 and 5 in. result from light reflections, not dye filaments.) The

upper photographs in both figures show that a turbulent region also existed near the

end walls. The bottom photographs in each figure and the dye photographs in Figs.

12 and 13 indicate the existence of a radial stagnation surface ( r = 3.0 and 3.5,

respectively) inside of which there exists cell flow with essentially laminar dye

patterns. The cell pattern for a thru-flow Reynolds number of 30 appears to be more

diffuse than the cell pattern for a thru-flow Reynolds number of 60.

Microflash photographs of dye patterns taken at a thru-flow radial Reynolds

number of 0 are presented in Figs. 18a and 18b. The photographs in Fig. 18a, taken

through the vortex tube end wall, show the existence of a series of small vortexes

distributed in two annular arrays at radii of approximately 2 and 3 in. These

secondary vortexes apparently form as a result of the shear of the fluid with high

angular momentum outside of this region on the low angular momentum, inner fluid

(see Fig. i0 for circulation distributions). Although the axes of these secondary

vortexes appear to be parallel to the axis of rotation of the general flow field,

they apparently do not extend the full length of the vortex tube since the photo-

graphs taken through the side wall of the vortex tube (Fig. 18b) indicate a non-

uniform dye distribution in the axial direction at about the radii of the secondary

vortexes. These secondary vortexes therefore appear to be associated with the

existence of small three-dimenslonal recirculation cells. Apparently as a result

of these small cells, the flow is turbulent even in the central region of the

vortex tube in contrast to the laminar flows which occur for higher thru-flow radial

Reynolds numbers. The secondary vortexes described here are similar to those dis-

cussed in Ref. 8.
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Streamline Patterns

Low Positive Thru-Flow Radial Reynolds N1znbers (Cases i and 2)

The streamline patterns for case 2 ( Rer, t = 30) are illustrated in the sketch

shown in Fig. 19. The streamline pattern for case i would be similar. The stream-

lines were drawn on the basis of information obtained from photographs of dye

patterns and the observed movement of neutrally buoyant particles. They indicate

that flow moved inward to a radius of 3.5 in. where a radial stagnation surface was

formed, implying that the entire radial flow corresponding to R er, t = 30 was in

the end-wall boundary layers at this radius. Flow left the end-wall boundary layers

between r = 1.75 in. and 2.5 in. and re-entered the end-wall boundary layers

between r = 2.5 and 3.5 in., indicating a radial outflow region (i.e., a recircula-

tion cell) from [ = 1.75 in. to 3.5 in. Note that the left cell cross-fed fluid

to the right cell as shown in the photographs of the dye patterns in Fig. 13. At

radii less than 1.75 in. the flow left the end-wall boundary layers and entered the

high-axial-velocity central core located inside the thru-flow exhaust radius.

Zero and Nesative Thru-Flow Radial Reynolds Numbers (Cases 3 and 4)

The circulation profiles for cases 3 and 4 (Fig. i0), along with the photo-

graphs of the dye patterns for case 4 (Fig. 14), indicate that the radial velocity

in the central region of the vortex was outward. A sketch of the streamlines for

case 3 ( Ner, t = 0), presented in Fig. 20, illustrates how flow left the end-wall

boundary layer between radii of 0 and 3.5 in. and re-entered the end-wall boundary

layer between 3.5 and 5 in., thereby tracing out a recirculation cell. The region

of radial outflow extends from a radius of zero to nearly 5.0 in. The streamlines

for case 4, in which fluid was added at the centerline, would be similar with the

exception that the radial velocities would be increased.

DISCUSSICN OF TEST RESULTS WITH SUCTION END WALLS

As stated previously, the flow patterns in a basic vortex tube with smooth,

flat end walls have axial velocities in the primary-flow region which are undesir-

able when nuclear fuel is to be contained within the vortex. As discussed in

Ref. 7, it is impossible to eliminate convection into the end-wall boundary layers

near the peripheral wall by the application of distributed friction or distributed

suction at the end walls. However, at radii less than those at which the maximum

secondary flow occurs it is possible to control the boundary layer by these tech-

niques and prevent outflow into the primary-flow region, thus eliminating convec-

tion in the central region of the vortex. The purpose of the present tests with

end-wall suction was to decrease or eliminate the axial velocities in the central

portion of the primary-flow region for several different radial flow rates in the



primary flow. The desired patterns in the primary-flow region included radial flow

inward, radial flow outward, and the intermediate condition of no radial flow,

which results in solld-body rotation of the primary flow. Distributed end-wall

suction has been employed in the tests described in this report to provide the

required flow control. Tests using distributed-frlction end walls are described

in Ref. 5.

End-Wall Suction Distributions

In each test, the suction distribution for a particular desired primary-flow

characteristic was established by injecting dye into the vortex tube near the end

walls and observing the dye movement; the suction distribution was progressively

altered until there was a minimum of dye interchange between the primary and

secondary-flow regions. The resulting suction flow distributions for cases 5 through

8 are presented in Fig. 21. For cases 5 and 6 there was radial flow inward, for

case 7, the primary-flow radial Reynolds number was approximately zero (solid-body

rotation), and for case 8 there was radial flow outward. To provide the radial out-

flow, fluid was injected through 1/4-in. dia ports located at the center of each

end wall (thru-flow configuration B, Fig. 3) at an equivalent radial Reynolds num-

ber of -3. From Fig. 2_1, the sum of the thru-flow and suction flow withdrawn

through the entire end wall can be seen to be much larger for the cases with radial

flow inward than for the flow conditions with solld-body rotation or radial flow

outward.

The effect of increased jet Reynolds numbers (case 9 with suction distribution

£) on the total suction flow required is shown in Fig. 22. The ratio of the total

suction flow withdrawn through the end walls for each of the two cases in Fig. 22

is approximately equal to the ratio of the injection Jet velocities.

Particle-Trace Results

Tansential Velocity and Circulation Distributions

Typical circulation distributions are shown for a primary flow with the radial

velocity inward in Fig. 23 and outward in Fig. 24. Approximately 30 percent of the

total data points employed in establishing the solid curves (faired by the least-

squares technique) are shown. Those data points not plotted lle close to the curve

and could not be shown as individual points. For the data presented in Fig. 23,

the standard deviation of the data points from a fifth-order least-squares curve

through the data is 0.028 ft2/sec. The shape of the circulation profile is similar

to that for a moderate-strength vortex without flow control -- see, for example, the

curve for Rer, t = 185 in Fig. 10. For the data in Fig. 24, the standard deviation

of the data points from a fifth-order least-squares curve is 0.022 ft2/sec.

I0
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Data obtained at radii'greater:th_ 4"in[ fo{'case 6 indicated that the circu-

lation level was greater than the value of 0.75 ft2/sec at rl to which the pro-

files had been faired in Ref. 5, although an equal injection mass-flow rate was

used for this and the previous cases. Tangential velocity data for r = 4.3 to

4.7 in. indicate that the value of the product V@ r at these radii is also a func-

tion of the thru-flow Reynolds number and not constant as previously believed.

Therefore, the profiles are not extrapolated to a fixed circulation level at

rI = 5 in. but are drawn to the largest radius for which data are available.

A composite set of circulation data curves for the four test conditions at

Re t,j = 118,600 is shown in Fig. 25. In most cases the circulation distribution

can be adequately described by an equation of the form V@ r g rnr When the primary-

flow radial Reynolds number is constant at all radii, theoretical solutions with a

line source or sink at the centerllne indicate that nF = 2 " Rer, p if Rer, p is

less than unity (see Ref. 7). Thus, theoretically, n F is less than two for radial

inflow, equal to two for solid-body rotation, and larger than two for radial outflow.

Approximate values of n F and the resulting indicated values of R er, p for the

cases in which the Rer, p is less than unity are shown in the Table in Fig. 25.

The tangential velocity distributions for cases with suction distributions A

through O are shown in cartesian coordinates on Fig. 26. The average tangential

velocity for suction distribution C is seen to be close to that for solid-body

rotation (i.e., velocity increasing linearly with r ).

Circulation data obtained with suction distribution £ is shown in Fig. 27.

The standard deviation of the data points from a fifth-order least-squares curve

through the data for this case is 0.043, which is approximately the same fraction

of the absolute circulation as for the cases with Ret, i = 118,600. To indicate

the effect of increased tangential Reynolds number on the circulation distribution,

the circulation profiles for suction distributions 0 and E are compared in

Fig. 28. Note that, although the circulation level is higher at all radii for

R et, j = 346,000 than for Re f,j = 118,600, the circulation varies approximately
as r 3 for both cases. The thru-flow radial Reynolds number is -3 in each case.

The effectiveness of end-wall suction in tailoring the primary-flow tangential

velocity distributions is indicated in Fig. 29, in which the tangential velocity

profiles for cases with approximately equal total radial flow at rI with plain

and suction end walls are shown for comparison. Note again that the slope of the

tangential velocity profile with end-wall suction distribution C corresponds to

solid-body rotation. The tangential velocity for case 2 with plain end walls, dis-

cussed previously, starts to decrease with decreasing radius for r < 4 in., as

does V¢ for the case with suction end walls, but for case 2 the tangential veloc-

ity increases with decreasing radius at r • 3 in. to a value higher than the Jet

injection velocity. This indicates that the effective primary-flow Reynolds number

was approximately zero at r = 4 in. for both cases, but that this Reynolds number

then became larger than zero inside of r = 4 in. for case 2 as a result of outflow

tl



With radial outflow (suctionrdistribution O )_ illustrated in Fig. 39, the

region with large radial mixing appears to encompass most of the vortex tube. This

mixing may be the result of secondary vortexes similar to those shown in Fig. 18

for the vortex tube with plain end walls. Because of the opacity of the suction

end walls, it was impossible to secure a good photograph of these secondary vortexes

for the present case.
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Data obtained at r_ll-g{eat_r'th_ _'in_ Yg_'c_e 6"{ndicated that the circu-

lation level was greater than the value of 0.75 ft2/sec at r, to which the pro-
files had been faired in Ref. 5, although an equal injection mass-flow rate was

used for this and the previous cases. Tangential velocity data for r = 4.3 to

4.7 in. indicate that the value of the product V@ r at these radii is also a func-
tion of the thru-flow Reynolds number and not constant as previously believed.

Therefore, the profiles are not extrapolated to a fixed circulation level at

rI = 5 in. but are drawn to the largest radius for whlch data are available.

A composite set of circulation data curves for the four test conditions at

Re t,i = ll8,_DO is shown in Fig. 25. In most cases the circulation distribution

can be adequately described by an equation of the form V@ r _ rhr. When the primary-

flow radial Reynolds number is constant at all radii, theoretical solutions with a

line source or sink at the centerline indicate that nF = 2 - Rer, p if Rer, p is

less than unity (see Her. 7). Thus, theoretically, n F is less than two for radial

inflow, equal to two for solld-body rotation, and larger than two for radial outflow.

Approximate values of n F and the resulting indicated values of Rer, p for the

cases in which the Rer, p is less than unity are shown in the Table in Fig. 25.

The tangential velocity distributions for cases with suction distributions A

through O are shown in cartesian coordinates on Fig. 26. The average tangential

velocity for suction distribution C is seen to be close to that for solid-body

rotation (i.e., velocity increasing linearly with r ).

Circulation data obtained with suction distribution E is shown in Fig. 27.

The standard deviation of the data points from a fifth-order least-squares curve

through the data for this case is 0.043, which is approximately the same fraction

of the absolute circulation as for the cases with Ret, i = 118,600. To indicate

the effect of increased tangential Reynolds number on the circulation distribution,

the circulation profiles for suction distributions O and E are compared in

Fig. 28. Note that, although the circulation level is higher at all radii for

R et, i = 346,000 than for Re t,j = 118,600, the circulation varies approximately
as r 3 for both cases. The thru-flow radial Reynolds number is -3 in each case.

The effectiveness of end-wall suction in tailoring the primary-flow tangential

velocity distributions is indicated in Fig. 29, in which the tangential velocity

profiles for cases with approximately equal total radial flow at rI with plain

and suction end walls are shown for comparison. Note again that the slope of the

tangential velocity profile with end-wall suction distribution C corresponds to

solid-body rotation. The tangential velocity for case 2 with plain end walls, dis-

cussed previously, starts to decrease with decreasing radius for r _ 4 in., as

does V@ for the case with suction end walls, but for case 2 the tangential veloc-

ity increases with decreasing radius at r _ 3 in. to a value higher than the Jet

injection velocity. This indicates that the effective primary-flow Reynolds number

was approximately zero at r = 4 in. for both cases, but that this Reynolds number

then became larger than zero inside of r = 4 in. for case 2 as a result of outflow
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from the boundary layer. _fhis outflow was eliminated by suction distribution C

which made it possible to maintain solid-body rotation throughout the primary flow.

Suction-to-Tangential-Velocity Ratios

The variation of the ratio of end-wall suction velocity to local tangential

velocity with radius is presented in Figs. 30 through 32 for suction distributions

A through E . Distributions of the ratio of suction velocity to local tangential

velocity for the two cases wlth radial inflow (Fig. 30) are similar in shape but

the ratio for suction distribution A is slightly higher at radii less than 2.5 in.

The suction was commenced at a larger radii with radial outflow and solid-body

rotation (Figs. 31 and 32) than with radial inflow (Fig. 30). The suction velocity

ratios for radial outflow at two different Jet Reynolds numbers (Fig. 32) are

approximately identical, which indicates that the required ratio of wall-suctlon

velocity to local tangential velocity is independent of circulation level.

It is of interest to compare the distribution of flow withdrawn through the

end walls for suction distribution C with the results of the analysis of Ref. 7

for solid-body rotation. For the analysis, the skin-friction coefficient is

expressed as Cft : Cft,o+ _ (2Uz, w / V¢) , where Cft 0 is a friction coeffi-

cient for a smooth, flat wall (independent of radius), 2 UZ, w / V$ is analogous to

the flat-plate asymptotic skln-frlction coefficient, and _ is a parameter which

describes the effectiveness of suction in increasing the skin-frlctlon coefficient.

A second parameter required In the analysis (denoted K? ] Is the ratio of the aver-

age angular momentum per unit mass in the secondary flow to that in the primary

flow. The theoretical variation of the ratio of the secondary flow in the end-wall

boundary layer to the boundary layer flow at the radius where flow control is

commenced is shown in Fig. 33 for solid-body rotation and values of _ / K W = i.i0,

1.25, 1.50 and 2.00. The experimental data have been made nondimensional wlth

respect to r6 : 4.5 in. and the sum of the thru-flow and suction flow through the

end wall to facilitate the comparison. The comparison indicates the equivalent

/ K 7 value probably changes from approximately 1.2 at r /r 6 = 0.9 to about 2.0

at r / rs = 0.4. This could indicate that the boundary layer profiles change with

radius and/or suction velocity ratio and are not constant as assumed in the analysis.

Further investigations, both theoretical and experimental, are required to clarify

this point.

Flow Visualization Results

Time Sequence Photographs

Photographs of dye patterns in the vortex tube at various times after dye

injection are shown in Figs. 34, 35 and 36 for suction distributions 8 , C , and O ,

respectively. For suction distribution B (primary flow radially inward, Fig. 34),

the dye was injected at the peripheral wall and flowed radially inward to the
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central region. Radial velocities were determined by evaluating the rate of change

in diameter of the cylindrical dye region with time at the axial mldplane and were

used to calculate a prlmary-flow radial Reynolds number, Re r.p : -Vr r/_ The

primary-flow radial Reynolds number changed from 104 at r -- 5 in. to 5 at 3 in.,

to a minimum value of 2 at 2.3 in. and to 2.5 at 1.0 in. Results from Ref. 5 for a

case without flow control and a thru-flow radial Reynolds number of 103 indicate

behavior similar to that indicated in Fig. 3_ between r -- 5 in. and r = 2 in.,

but a larger increase in Re r p at radii less than 2 in. to values greater than 5.
The distribution of flow wlth_rawn through the end walls (Fig. 21) shows that suc-

tion was commenced at approximately 3.5 In. for both cases with radial inflow.

However, the prlmary-flow radial Reynolds number determined from the time sequence

of dye.photographs indicates the minimum flow in the prlmary-flow region at a radius

of 2.2 in. Since the outer suction radius and the minimum prlmary-flow radius do

not coincide, it would indicate wall suction was applied at radii greater than

appropriate for this minimum prlmary-flow rate (see Ref. 7).

For the case with solid-body rotation (Fig. 35), the dye was injected for

about 4 sec through 1/4-in. dia ports located at the center of each end wall; then

all injection at these ports was stopped, Although the dye diffused rapidly out-

ward, a fraction remained in the vortex tube for a relatively long time (22.75 rain).

For the case with radial outflow (Fig. 36), dye was injected for about _ sec through

1/_-in. dia ports located at the center of each end wall (thru-flow injection con-

figuration 2). After the dye was shut off, clear water was continuously injected

during the photograph sequence at an equivalent thru-flow Reynolds number of -3.

The dye patterns obtained are similar to those with solid-body rotation.

Microflas h Photograph S

Typical microflash photographs taken at various times after dye injection for

suction distributions 8 , C , and D are presented in Figs. 37, 38, and 39,

respectively. The photographs for suctian distribution 8 (radial inflow) in

Fig. 37 indicate stratified dye filamemts which appear laminar at radii less than

2 in. Between radii of 2 and 3.5 in, small double vortexes with their axes extend-

ing clrcumferentially, also reported in Ref. 5, are superimposed upon the principal

rotating flow. These small vortexes appear to be well-defined local perturbations

which cause very little mixing of the dye. A pair of vortexes remained well-

defined for one or two rotations of the primary flow.

For the case with solld-body rotation (suction distribution C ) illustrated in

Fig. 38, the dye was not stratified as for suction distribution B , although there

were no large-scale turbulent eddies observable at radii less than 3.5 in. However,

there must have been a relatively large amount of turbulent mixing within the vor-

tex since the time sequence photographs indicate that the dye mixed very rapidly;

thus it is concluded that secondary vortexes which have axes of rotation parallel

to the axis of the main vortex caused this mixing. The mixing may vary from one

end of the tube to the other since a longer time was required to diffuse the dye in

the right side than in the left side of the tube.

13



With radial outflow (suction distribution 0 ), illustrated in Fig. 39, the

region with large radial mixing appears to encompass most of the vortex tube. This

mixing may be the result of secondary vortexes similar to those shown in Fig. 18

for the vortex tube with plain end walls. Because of the opacity of the suction

end walls, it was impossible to secure a good photograph of these secondary vortexes

for the present case.
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LIST OFSYMBOLS

Aj
Area of injection slot at vortex tube periphery, ft 2

L

oj

Qs

Qt

Length of vortex tube, ft

Volumetric flow rate of injection Jet which drives vortex, ft3/sec

Volumetric flow rate through suction end walls, ft3/sec

Volumetric flow rate in thru-flow ducts, ft3/sec

Local radius, ft (except where noted)

Rer, p

Rer,s

Local radial Reynolds number in primary flow, Vrr/_ , dimensionless

Radial Reynolds number based on total suction flow rate, O s / 2 _vk,
dimensionless

Rer, t

Rer,

Thru-flow radial Reynolds number, 0 t / 2_L, dimensionless

Ot + Os
Radial Reynolds number based on net flow at peripheral wall, 2 _ y k
dimensionless

Ret,

UZ, w

vj

Vr

Tangential Reynolds number based on average inlet Jet velocity,

Vjr,/ _ : Qjrl / (Aj_), dimensionless

Wall suction velocity (positive toward wall), ft/sec

Average jet velocity, Qj / Aj , ft/sec

Local radial velocity in primary flow, ft/sec

v_ Tangential component of velocity in primary flow, ft/sec

Distance measured in a direction parallel to the axis of the vortex tube

from the axial mldplane for basic vortex tube, ft

Kinematic viscosity, ft2/sec

Subscripts indicating radial stations

Outside radius of vortex tube

Outside radius for wall suction

t6



r

I0

i

Outside radius of thru-flow exhaust port

Radius of injection Jet which drives vortex (normally at radial station i)
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APPENDIX

SUPPL_ARY FLUIDINJECTIONSTUDIES

In addition to the tests described in the main body of this report, a number
of flow visualization tests using various fluid injection techniques were performed
in the vortex tube with both plain and suction end walls. The studies were for the
purposeof determining the effect on the vortex flow patterns of radial fluid injec-
tion through one to three ducts located in the peripheral wall of the vortex tube
with plain end walls, tangential fluid injection through six ducts located in each
of the suction end walls, and fluid injection through a porous tube positioned
along the centerline of the vortex tube whenit was equlppedwith the suction end
walls. Theabovetests were qualitative in nature; therefore, only a short dis-
cussion of the results is presented.

Vortex Tubewith Plain EndWalls

The experimental apparatus for the studies of radial fluid injection through
the peripheral wall consisted of three .090-in. dia injection ducts, one located at
the midplane and the other two located 5 in. from each end wall. Theducts could
be movedradially to obtain various immersion lengths into the vortex tube.
Figure 40 showsa sequenceof dye photographsfor the flow condition tested without
supplementaryfluid injection and Figs. 41 through 44 demonstratethe effect on this
dye pattern of the presence of the ducts with and without supplementaryfluid injec-
tion through the peripheral wall.

In Fig. 41a the center duct was inserted radially a distance of 1 in. into the
vortex tube with no fluid injection except for an initial dye injection pulse. The
dye rapidly formed a cylindrical distribution similar to that shownin Fig. 40 with
no duct inserted into the flow. Theeffect of inserting all three ducts 1 in. into
the tube with no fluid injection is shownin Fig. 41b; the dye in the tube was from
the previous run. It can be seen that the probes had essentially no effect on the
pattern. Note that a dye pulse injected from the right end wall (3.25 min) assumed
the shapeof a cell llke that which formedwithout the ducts. It appears that as
long as the ducts are within the turbulent outer region (Jet mixing region) away
from the location of the radial stagnation surface markedby the dye (surface at
which Vr = 0 ) the turbulence causedby the wakesfrom the ducts is dampedand does
not extend into the cell region.

Figure 42a illustrates the effect of inserting the center duct a distance of
1.5 in. into the vortex tube; in this case the duct extended into the cell region
causing a gross disturbance and changingthe dye pattern from a constant-diameter
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cylinder to two shrinking, conical dye fronts caused by the radial inflow of fluid

which has lost angular momentum due to the drag of the duct. In Fig. 42b, all

three ducts are inserted 1.5 in. into the vortex tube with no supplementary injec-

tion through the ducts and the effect is to cause the vortex to separate into four

cell regions.

Figure 43 (a, b and c) shows the effect of increasing amounts of supplementary

flow through the center duct (1-in. insertion distance). In Fig. 42a, the supple-

mentary injection of 0.072 gpm (equivalent to a thru-flow Reynolds number of 1.O)

has caused a localized disturbance at the axial center of the dye cylinder (radial

stagnation surface) and the cylinder has a radius 1/2 in. less than for the case

without ducts. Note also that after 12.75 minutes the outer dye cylinder actually

splits in two, showing that the disturbance affects a region of large radial extent.

As shown in Figs. 43b and 43c, increasing the flow injection rate to .144 gpm and

then .216 gpm, respectively, caused a conical shrinking dye front to form. The

average radial velocity increased with the injection flow rate.

Figure 4_ (a, b and c) demonstrates the effect of progressively increasing

amounts of supplementary flow through three ducts (1-in. insertion). In Fig. 4Aa,

the effect of injection at .072 gpm through each duct is to cause the vortex to

separate into four regions, each of which has a shrinking cylindrical dye front.

Figures 44b and 44c, obtained with injection rates of .144 and .216 gpm through each

duct, show essentially the same result, but with two noticeable differences. A very

turbulent cell is formed between the outside ducts and the end walls causing the

dye in this region to leave the vortex rapidly. In the region between the two

outer ducts a radial stagnation surface h_s formed at a radius of approximately

2 in.

It is interesting to note that the effect on the flow patterns of inserting

the center duct 1.5 in. radially into the vortex tube without fluid injection

(Fig. 4Za) is very similar to the disturbance illustrated in Fig. 43c, where flow

was injected through the center duct which was only inserted 1 in. into the flow.

Both figures (42a and 43c) show a similar shrinking, conical dye front; however,

the one in Fig. _2a has a slightly higher radial velocity.

Although the main effect of inserting the ducts into the flow (with and with-

out fluid injection) is to cause radial inflow in the region of the ducts with a

corresponding change in the flow patterns within the vortex tube, it should be

noted that the flow inside a radius of approximately 3 in. in all the photographs

appears to remain essentially laminar (compare with Fig. hO) except for the region

near each end wall, which appears more turbulent. The outer, peripheral region

(Jet mixing region) remains very turbulent in all cases, as indicated by the diffuse

dye clouds.
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Vortex Tube with Suction End Walls

As reported in the main body of this report, the flow patterns for case 7 with

suction distribution C (solid-body rotation) appear to be somewhat turbulent as

shown by the diffuse dye patterns and undulations in the bottom photograph of Fig.

38. It was felt that an increase in the rotational velocities in the core region

might stabilize the flow. An attempt was made to increase the rotational velocities

by the tangential injection of fluid through each suction end wall.

Each suction end wall was fitted with six equally spaced, tangential injection

ducts (0.125-in. dia) slanted at an angle of 14 deg relative to the end-wall surface

and located at a radius of 2.5 in. Flow with total equivalent radial Reynolds num-

bers of 1 to 12 for all twelve ducts was injected into the end-wall boundary layers

during tests with suction distribution C • Observation of the dye patterns result-

ing from the above configuration showed a slight increase in the rotational velocities

in the core region; however, the stabilizing effect was insignificant and an increase

in turbulence at the end walls was noted due to the injection.

The final series of tests with the suction end walls and supplementary fluid

injection employed injection through a 1-in. dia porous tube located along the

centerline of the vortex tube (see Fig. 3, configuration 2). These tests were per-

formed to explore the general characteristics of flows with large radial outflow

rates. Three suction distributions were used; equal suction rates from only the

three outermost plenums (1 gpm, equivalent to a thru-flow Reynolds number of 13,

from each plenum), suction from all the plenums at the maximum flow rates measurable

with the installed meters, and no suction.

In the tests with suction from the three outer plenums, Jet tangential Reynolds

numbers from lOO,O00 to 300,000 and flow rates through the porous tube equivalent to

thru-flow Reynolds numbers of 20 to 200 were employed. The dye patterns showed that

the dye moved radially out very rapidly, was very diffuse (although the gross turbu-

lent eddies appeared to be smaller than those observed in the tests with suction dis-

tributions O and E ) and that a large turbulent mixing region existed.

The tests in which flow was withdrawn from all of the plenums in the suction

end walls ( Re r t_ 120) were performed at a Jet tangential Reynolds number of

i00,000 and flow rates through the porous tube, equivalent to radial Reynolds num-

bers of 20 through 40. A unique instability was observed in these tests. Although

dye was injected uniformly around the entire circumference of the porous tube, it

moved radially away from the porous tube in two sheets on opposite sides of the

porous tube, and these sheets rotated with the flow. At about r = 2.5 in. the

sheets curled up to form secondary vortexes with axes parallel to the axis of rota-

tion of the primary flow. These dye sheet-secondary vortex combinations extended

the complete length of the vortex tube.
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The tests with no flow withdrawn through the suction end walls were performed

at a Jet Reynolds number of I00,000 and flow, equivalent to radial Reynolds numbers

of 3 to 7, was injected through the porous tube. This case is similar to case 4

reported in the main body of the report except that plain end walls were employed

for case 4. The patterns observed in these tests appeared more stable than any

other radial outflow case tested. The dye moved radially outward at a rate slower

than with other radial outflow cases and remained in the vortex tube for approxi-

mately 90 minutes.
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FIG. 2

PHOTOGRAPH OF IO-INCH DIAMETER WATER VORTEX TUBE

!

30 IN.

T H RU - FLOW
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FIG. 3

SKETCHES OF THRU-FLOW INJECTION AND

WITHDRAWAL CONFIGURATIONS
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FIG. 4
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FIG. 5
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FIG. 6

TYPICAL PARTICLE-TRACE PHOTOGRAPHS
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FIG. 7

OPTICAL SYSTEM USED TO OBTAIN
MICROFLASH DYE PHOTOGRAPHS
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FIG. 8

CIRCULATION PROFILE FOR VORTEX TUBE

WITH PLAIN END WALLS AND

THRU-FLOW REYNOLDS NUMBER OF :50

Retl j : 118,6OO

SEE TABLE "r (CASE Z) FOR CONFIGURATION
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FIG. 9

CIRCULATION PROFILE FOR VORTEX TUBE

WITH PLAIN END WALLS AND

THRU-FLOW REYNOLDS NUMBER OF 0

Ret, j = 102,800

SEE TAB_,E .Z (CASE 3) FOR CONFIGURATION
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FIG. LO

CIRCULATION PROFILES FOR VORTEX TUBE WITH

PLAIN END WALLS AND SEVEN THRU-FLOW REYNOLDS NUMBERS
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FIG. II

TANGENTIAL VELOCITY PROFILES FOR VORTEX TUBE

WITH PLAIN END WALLS AND

SEVEN THRU-FLOW REYNOLDS NUMBERS
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FIG. 12

PHOTOGRAPHS OF DYE PATTERNS IN VORTEX TUBE WITH PLAIN

END WALLS AND THRU-FLOW REYNOLDS NUMBER OF 60

Ret, } : 118,600

SEE TABLE T ( CASE I ) FOR CONFIGURATION

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION

o MIN

LEFT AND RIGHT END WALL DYE INJECTION

0.75 MIN

1.75 MIN 3.25 MIN

4.75 MIN 6.25 MIN

7.75 MIN

5 n

o

RADIUS, r- IN,

20.75 MIN
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FIG. 13

PHOTOGRAPHS OF DYE PATTERNS IN VORTEX TUBE WITH PLAIN

END WALLS AND THRU-FLOW REYNOLDS NUMBER OF 30

RII, j = liB,600

SEE TABLE Z (CASE 2 ) FOR CONFIGURATION

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION

0 MIN

LEFT AND RIGHT END WALL DYE INJECTION

--Sin

--0 --

0.75 MIN

2.0 MIN 2.75 MIN

5,0 MIN

mSm

-- 0 --

9.0 MIN

15 MIN

15_

_0_

RADIUS, r-IN.

27 MIN
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FIG. 14

PHOTOGRAPHS OF DYE PATTERNS IN VORTEX TUBE WITH PLAIN

END WALLS AND THRU-FLOW REYNOLDS NUMBER OF -3

Rll, j : 102,8OO

SEE TABLE 1' (CASE 4] FOR CONFIGURATION

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION

DYE INJECTION THROUGH POROUS TUBE ALONG CENTERLINE

--5--

0 MIN 0.25 MIN

O. 75 MIN I. 5 MIN

I.75 MIN

-5

RADIUS, r -IN.

2.25 MIN
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FIG. 15

VARIATION OF RADIAL STAGNATION RADIUS

WITH THRU-FLOW REYNOLDS NUMBER

RIt, j : 1t8,OOO

THEORETICAL CURVE CALCULATED USING THE COMPUTATIONAL PROCEDURES

DISCUSSED IN REF. 2 WITH AN EFFECTIVE TANGENTIAL REYNOLDS

NUMBER OF 80,000 AT RADIUS r I

O DATA FROM THIS REPORT ( CASES I AND 2 )

O DATA FROM REF. 5

I.O

0qtAJ
m 0.8

_o_
I--
<x

o.,

ol- 0.2

0

0 20 40 60 80 tOO

THRU-FLOW REYNOLDS NUMBER, Rer, t

120

3'7



FIG. 16

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH

PLAIN END WALLS AND THRU-FLOW REYNOLDS NUMBER OF 60

Ret, j : 118,600

SEE TABLE [ ( CASE I ) FOR CONFIGURATION

DIRECTION OF ILLUMINATION
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/ FIG. 17

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH

PLAIN END WALLS AND THRU-FLOW REYNOLDS NUMBER OF :30

Z

I

n-

Z

n-

Re . : 118,6OO
t,j

SEE TABLE Z ( CASE Z) FOR CONFIGURATION

--_- DIRECTION OF ILLUMINATION
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FIG. 18a --,'_ - -

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH PLAIN

END WALLS AND THRU-FLOW REYNOLDS NUMBER OF O

Ret, | = fOE,BOO

SEE TABLE I (CASE 3) FOR CONFIGURATION

-=,,--DI R ECTI ON OF ILLUMINATION

¥

O

RADIUS, r-IN.
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..... L_ll//l_/i "" FIG, i8b

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH PLAIN END WALLS

AND THRU-FLOW REYNOLDS NUMBER OF O

Ret,j :IO2,8OO

SEE TABLE I (CASE 3) FOR CONFIGURATION

-_,,--131RE CTI ON OF ILLUMINATION

i I
-5

I II I II I
5 IO

DISTANCE FROM AXIAL MIDPLANE, Z-IN
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"_ FIG. 20
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Fin 21 II .......

DISTRIBUTION

Ret,j

0.01

I

O

l._ 0.005

n-

O 0.002

uJ
z
.J
re
w 0.001
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w
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o 0.0005
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g
0.0001

z
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t-0.00002
0

FOR

SYMBOL

Z_

0

0
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= 118,600

CASE

5

6

?

B

SUCTION DESIRED PRIMARY
DISTRIBUTION FLOW CHARACTERISTIC

A RADIAL FLOW IN

B

C

D

SEE TABLE

OF FLOW WITHDRAWN THROUGH THE END

SUCTION DISTRIBUTIONS A, B C AND D

Rer, s

85

RADIAL FLOW IN 58

SOLID-BODY ROTATION 23

RADIAL FLOW OUT 19

2 5

RADIUS, r - IN.
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FOR CONFIGURATION
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........ FIG. 22.... _ !_ • -

DISTRIBUTION OF FLOW WITHDRAWN THROUGH THE END WALLS

FOR SUCTION DISTRIBUTIONS D AND E

SUCTION
SYMBOL CASE DISTRIBUTION

C] 8 O

.,I 9 E

DESIRED PRIMARY Ret,FLOW CHARACTERISTIC J

RADIAL FLOW OUT 118_600"

RADIAL FLOW OUT 346_000

Rer, t Rer, $ FT);EC
i

23 19' 3.,B

- 3 ,56 9,22

SEE TABLE I FOR CONFIGURATION
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FIG. 23 ..... L....
I

CIRCULATION PROFILE FOR VORTEX TUBE

WITH SUCTION DISTRIBUTION B AND

THRU-FLOW REYNOLDS NUMBER OF 45.7

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

Ret, j = 118,600

SEE TABLE I (CASE 6) FOR CONFIGURATION

I0

08

u3
Q.

_06

i
o

,_ 04
J
:3
(_)
rr
£..)

0.2

o
0

I DENOTES

04

+- ONE STANDARD DEVIATION

OoOg o_o °°oo88O_oRO o
ooo.._,__o °

"li o
v 0 0 0 0
0 o 0

2 3

RADIUS, r - IN

0

o/

4 5

46



....... ",_ _ i -'® .. FIG. 24

CIRCULATION PROFILE FOR VORTEX TUBE

WITH SUCTION DISTRIBUTION D AND

THRU-FLOW REYNOLDS NUMBER OF -3

SEE FIG, 21 FOR SUCTION FLOW DISTRIBUTION

Ret, j = 118,600

SEE TABLE I (CASE 8) FOR CONFIGURATION
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FIG. 25 __QONFIDIc:.N_i_

CIRCULATION PROFILES FOR VORTEX TUBE

WITH SUCTION DISTRIBUTIONS A, B, C AND
Ret, _ = 118,600

SUCTION APPROXIMATE INDICATED Rer, p
DISTRIBUTION CASE Rer, ! nL_ (SEE TEXT)

I

A 5 43 0.25

B 6 46 0.25

C 7 2 2 0

O 8 -3 3 -I.0

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

SEE TABLE Z (CASES 5, 6, 7, B) FOR CONFIGURATION
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u 0.2
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FIG. 26

TANGENTIAL VELOCITY PROFILES FOR VORTEX TUBE

WITH SUCTION DISTRIBUTIONS A, B, C AND D

Ret, j : 118,600

sbCTION
DISTRIBUTION CASE Rer,!

i

A 5 43

B 6 46

C 7 2

D B -3

SEE FIG. 2_ FOR SUCTION FLOW DISTRIBUTION

SEE TABLE I FOR CONFIGURATION
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Io •FIG. 27

CIRCULATION PROFILE FOR VORTEX TUBE

WITH SUCTION DISTRIBUTION E AND

THRU-FLOW REYNOLDS NUMBER OF -3

SEE FIG. 22 FOR SUCTION FLOW DISTRIBUTION

Ret,J = 546,000

SEE TABLE I (CASE 9) FOR CONFIGURATION
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FIG. 28

CIRCULATION PROFILES FOR VORTEX TUBE

WITH JET REYNOLDS NUMBERS OF 118,600

AND 346,000 AND SUCTION END WALLS

SEE FIG. 22 FOR SUCTION FLOW DISTRIBUTION

SEE TABLE I. (CASES B AND 9) FOR CONFIGURATION
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FIG. 29 .......

EFFECT OF END-WALL SUCTION ON

TANGENTIAL VELOCITY PROFILE

Ret, j = 118,600

SEE FIG. 2[ FOR SUCTION FLOW DISTRIBUTION

SEE TABLE I FOR CONFIGURATION
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FIG. 30

VARIATION OF THE RATIO OF END-WALL SUCTION VELOCITY
TO LOCAL TANGENTIAL VELOCITY WITH RADIUS FOR

SUCTION DISTRIBUTIONS A AND B

Ret, j = 1181600

SUCTION
SYMBOL CASE DISTRIBUTION

i

0 5 A

X 6 B

"e"

N

oJ
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>. e-
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N -J
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0.02

0.01

0.005

0.002

O.OOI

0.0005

0

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

SEE TABLE I (CASES 5 AND 6) FOR CONFIGURATION
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FIG. 31

VARIATION OF THE RATIO OF END-WALL SUCTION VELOCITY

TO LOCAL TANGENTIAL VELOCITY WITH RADIUS FOR

SUCTION DISTRIBUTIONS C AND D

Ret, j : 118,600

SUCTION
SYMBOL CASE DISTRIBUTION

0 7 C

X 8 D

N

t'M

I-- 0
_J
o,
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0.005

z
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c_ 0.002
9
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SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

SEE TABLE I (CASES 7 AND B) FOR CONFIGURATION

0 I 5
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._. FIG. 32

VARIATION OF THE RATIO OF END-WALL SUCTION VELOCITY

TO LOCAL TANGENTIAL VELOCITY WITH RADIUS FOR

SUCTION DISTRIBUTIONS D AND E

SUCTION
SYMBOL CASE DISTRIBUTION

X 8 O

0 9 E

RII f_ L ,

ItBt 600

346,000

0.2

SEE FIG, 22 FOR SUCTION FLOW DISTRIBUTION

SEE TABLE I (CASES 8 AND 9) FOR CONFIGURATION
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FIG. 33

COMPARISON OF EXPERIMENTAL AND THEORETICAL DISTRIBUTION

OF FLOW WITHDRAWN THROUGH END WALLS FOR SOLID-BODY

ROTATION (SUCTION DISTRIBUTION C)

ANALYTICAL RESULTS FROM REF. 7

_l (THEORY) :
SECONDARY FLOW IN END -WALL BOUNDARY LAYER

SECONDARY FLOW IN END -WALL BOUNDARY LAYER AT RADIUS r6

_s (EXPERIMENTAL) =
SUCTION FLOW WITHDRAWN FROM CENTERLINE TO RADIUS r

TOTAL THRU AND SUCTION FLOW WITHDRAWN FROM WALL

i.O

r6 = 4.5 IN.

SEE PAGE 12 FOR DEFINITION OF { AND K7

0.8

06

0.4

0.2

0 02 0.4 0.6 0.8 1.0

RADIUS RATIO, R -" r/r 6
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- - -_ FIG. 34

PHOTOGRAPHS OF DYE PATTERNS FOR VORTEX TUBE WITH SUCTION

DISTRIBUTION B AND THRU-FLOW REYNOLDS NUMBER OF 45.7

Ret= j = 118,600

SEE TABLE ! (CASE 6 ) FOR CONFIGURATION

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION

PERIPHERAL DYE INJECTION AT MIDPLANE

I0 MIN 3.0 MIN

7.0 MIN 9.0 MIN

_m

p

m

pO m

I0.0 MIN 140 MIN

17.0 MIN

RADIUS, r-IN.

210 MIN
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FIG. 35 -_

PHOTOGRAPHS OF DYE PATTERNS FOR VORTEX TUBE WITH SUCTION

DISTRIBUTION C AND THRU-FLOW REYNOLDS NUMBER OF 2

Ret, j : 118,6OO

SEE TABLE Z (CASE 7 ) FOR CONFIGURATION

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION

DYE INJECTION THROUGH I/4 - IN. DIA PORTS LOCATED AT CENTER OF EACH END WALL

lO_

O MIN 0.75 MIN

I. 25 MIN

4.75 MIN

_5 m

_O_

---5--

I. 75 MIN

10.75 MIN

16.75 MIN

RA_US, r- IN.

22.75 MIN
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FIG. 3G

PHOTOGRAPHS OF DYE PATTERNS FOR VORTEX TUBE WITH SUCTION

DISTRIBUTION D AND THRU-FLOW REYNOLDS NUMBER OF -3

Rit, j : 118,600

SEE TABLE I (CASE 8) FOR CONFIGURATION

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION

)YE AND FLUID INJECTION THROUGH I/4-1N, DIA PORTS LOCATED AT CENTER OF EACH END WALL

0 MIN

O. 75 MIN

3.5 MIN

17, 5 MIN

--5--

--0--

--5--

-- 0 --

-5

--5--

0

--5

0
m

5

RADIUS, r -IN

025 MIN

125 MIN

8.5 MIN

26.5 MIN
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FIG. 37

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH SUCTION

DISTRIBUTION B AND THRU-FLOW REYNOLDS NUMBER OF 45.7
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Rtl, I : 118,600

SEE TABLE I (CASE 6 ) FOR CONFIGURATION

SEE FIG 2 I FOR SUCTION FLOW DISTRIBUTION
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___:_i. _ FIG. 38

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH SUCTION

DISTRIBUTION C AND THRU-FLOW REYNOLDS NUMBER OF 2

Ret, j : 118,600

SEE TABLE I (CASE 7) FOR CONFIGURATION

SEE FIG. 2 I FOR SUCTION FLOW DISTRIBUTION
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FtG. 39 _

MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH SUCTION
DISTRIBUTION D AND THRU-FLOW REYNOLDS NUMBER OF -3

Ret, j : 118,600

SEE TABLE Z (CASE B) FOR CONFIGURATION

SEE FIG. 21 FOR SUCTION FLOW DISTRIBUTION

•.I,,--DIRECTION OF ILLUMINATION

t

I

n-

-15 -I0 --5

T

o

I
b.

I_-_-l T l---_r
50

t
IO

I

<
rr

IO

62



FIG. 40

PHOTOGRAPHS OF DYE PATTERNS IN VORTEX TUBE WITH PLAIN

END WALLS AND THRU-FLOW REYNOLDS NUMBER OF I00

Ret, j = 118,600

NO RADIAL FLUID INJECTION OR DUCTS INSERTED INTO VORTEX TUBE

0.5 MIN 2.0 MIN

5.5 MIN 8.5 MIN

10.5 MIN RADIUS, r- IN. 12.5 MIN

18.5 MIN
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FIG. 41 _ - "

PHOTOGRAPHS OF DYE PATTERNS WITH DUCTS INSERTED RADIALLY

lINCH INTO VORTEX TUBE AND NO RADIAL FLUID INJECTION

Ret, j = 118,600

DUCT iNSERTED AT MID-PLANE

Rer, t = I00

b

E_UCT INSERTED AT MID -PLANE

AND 5 IN FROM EACH END WALL

O MIN 0 MIN

0.5 MIN 125 MIN

1.75 MIN 32,5 MIN

2,75 MIN
RADIUS, r -IN.

72.5 MIN
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FIG. 42

PHOTOGRAPHS OF DYE PATTERNS WITH DUCTS INSERTED RADIALLY

1.5 IN. INTO VORTEX TUBE AND NO RADIAL FLUID INJECTION

Ret, j = 118,600

Q

DUCT INSERTED AT MID-PLANE

Rer, t = I00

b

DUCTS INSERTED AT MID-PLANE

AND 5 IN FROM EACH END WALL

0 MIN

075 MIN

O MIN

1.0 MIN
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525 MIN RADIUS, r - IN. 7.25 MIN
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FIG. 43
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FIG. 44
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